ABSTRACT The device-to-device (D2D) communication has been regarded as an effective technique for complementing and enhancing the conventional cellular systems owing to its capability of substantially improving both the spectral and power efficiencies of wireless networks. However, the severe interference imposed on the conventional cellular users (CUs) by the geographically close-by D2D pairs may cause a significant performance erosion in the D2D-aided underlaying cellular networks (CNs). In this paper, performance analysis for the D2D-aided underlaying CNs in terms of throughput is provided. We first derive the closed-form expressions of the coverage probability for both the conventional cellular links and the D2D links, followed by giving out the approximated expressions of the ergodic data rate for both an individual cellular/D2D link and the whole underlaying network. Furthermore, the key parameters (e.g., the density of D2D users (DUs) or CUs, and the average geographical distance between a pair of D2D peers) significantly impacting the channel capacity are adaptively adjusted for maximizing the sum data rate of the proposed underlaying networks. In addition, both theoretical analysis and simulation results reveal the attainability of the maximal throughput by optimizing the critical parameters, such as the density of DUs, provided that the scale factor between the DUs and sum users (i.e., comprising both conventional CUs and DUs) can be effectively balanced subject to the constraints specified in the proposed scheme.
them (i.e. without relying on the intervention of BSs), a number of advantages over the conventional (pure) cellular communication techniques can be attainable by employing D2D mode, including:
• A higher data rate with a lower latency as well as a lower power consumption than the conventional cellular communications can be attained by employing D2D technique [8] , [9] ;
• The licensed spectrum allocated to the conventional cellular users (CUs) can be reused by D2D users (DUs), thus substantially improving the spectral utilization, while without significantly eroding the performance of the CUs;
• Both flexibility and reliability of the wireless networks can be substantially improved by activating D2D links, without necessarily modifying the existing cellular infrastructure [10] , [11] ;
• The radio coverage of the conventional cellular networks (CNs) can be substantially extended by activating D2D links, particularly for the cell-edge areas within which the CUs may be served by the BSs with a relatively weak signal strength. In summary, D2D technique is capable of enhancing the capabilities of conventional CNs in terms of various aspects, such as an improved spectral efficiency and an extended radio coverage [12] , [13] . Since the DUs typically reuse the licensed spectrum that has already been allocated to the conventional CUs, the D2D transmitters (DTs) may impose a severe interference on the co-spectrum CUs when both modes are activated simultaneously. This kind of D2D-induced interference may significantly erode the performance of CUs [14] [15] [16] . To relieve the above-mentioned performance erosion, an efficient interference-management and powercontrol scheme should be implemented [15] , [17] , [18] .
A. MOTIVATION
The performance analysis for the D2D-aided underlaying CNs has been widely performed. Recently, the closed-form expressions for the average coverage probability 1 of the underlaying CNs have been derived. For instance, in [19] , the authors derived an analytic expression for the average coverage probability of the CUs relying on both the framework of stochastic geometry and Poisson point process (PPP). However, the authors in [19] failed to derive the closedform expression for the coverage probability of the D2D links. In [20] , the expressions for the coverage probabilities of both the conventional cellular links and the D2D links were derived without considering the impact of the inter-CU interference, in which case the sum data rate of the D2D-aided CNs can be obtained by implementing Monte Carlo simulations. Furthermore, the authors in [21] developed the general models for the signal-to-interference-plus-noise ratio (SINR) in multi-cell scenarios by employing the theory of stochastic geometry, hence obtaining the closed-form expressions for a variety of critical performance metrics, including the mean data rate and the mean rate losses under static-frequencyreuse conditions. However, the authors in [21] failed to analyze the impact of co-cell CUs' distribution on the mean data rate. In addition, the authors in [23] and [25] analyzed the impacts of both spatial densities and transmission power allocation ratio on the achievable transmission rate by considering both dual-band and multi-bands scenarios.
Despite all this, the existed expressions for the coverage probability have typically been derived without considering the impact of inter-user interferences, thus leaving the closedform expressions of sum data rate for further investigation. In this paper, one of our motivations is to derive the closedform expressions for both the average coverage probability and the sum data rate of underlaying CNs by taking the impact of inter-user interference into account.
B. MAIN CONTRIBUTIONS OF THIS PAPER
In this paper, both the coverage probability and the sum data rate of the D2D-aided underlaying CNs are analyzed. Without loss of generality, we assume that a set of (co-cell) users (i.e. comprising M CUs and K D2D pairs) share the same spectrum resources according to a homogeneous PPP model. The main contributions of this paper are reflected in the following aspects.
1) Deriving the closed-form expressions for average coverage probabilities of both the conventional cellular links and the D2D links by considering the impact of interferences between cellular and D2D links; 2) Giving out the closed-form expression for the sum data rate of the underlaying CNs comprising M CUs and K DUs; 3) Modelling and resolving the optimization problem in terms of sum data rate of the D2D-aided underlaying CNs by adaptively adjusting a variety of critical parameters, such as the density of DUs/CUs; 4) Attaining the maximum sum throughput by balancing the scale factor between the DUs and the sum users (i.e. accounting both CUs and DUs), subjecting to the constraint of the maximum number of sum users.
The remainder of this paper is organized as follows. Section II introduces the system model of the proposed D2D-aided underlaying CNs. In Section III, the closed-form expressions of coverage probabilities for both cellular and D2D links are derived, followed by giving out the closedform expression of sum data rate in Section IV. After that, the numerical results are provided in Section V. Finally, Section VI concludes the paper.
Notation: L(•) denotes the Laplace transforms of a random variable. P{•} represents the probability of an event, and E[x] VOLUME 4, 2016 denotes the expectation of random variable x. Furthermore, CN (0, σ 2 ) denotes complex Gaussian distribution with mean zero and variance σ 2 . In addition, we use l ∈ \{k} to denote the notation ''l belongs to the set PPP except k.'' Finally, we use (x) and (x) to denote the Gamma function with 
II. SYSTEM MODEL
In this paper, a BS-centered radius-R cellular coverage area in the D2D-aided underlaying CNs is considered, as depicted in Fig. 1 . Without loss of generality, we assume that a single cell is capable of simultaneously offering services to a set of customers (i.e. comprising M CUs and K D2D pairs), in which case the licensed uplink spectrum allocated to the CUs can be reused by the DUs. Furthermore, we assume that all the M CUs are distributed within the cell coverage area according to a homogeneous PPP 1 of density λ c . Note that is specified by marks and labels (i.e. {x i , y i }), where x i represents the spatial positions on the plane and y i denotes the associated channel gains of DUs [19] , [26] . Similarly, all the K DTs are assumed to be distributed within the cell coverage area according to a homogeneous PPP 2 with density λ d . In addition, the average DR-to-DT distance of each D2D pair is assumed to be time invariant. Accordingly, the number of DTs and CUs in a given cell can be modelled as a Poisson distributed random variable with mean
respectively. In addition, this paper aims at maximizing the sum data rate of the whole network by adjusting the number of cellular (or D2D) users. Basically, it requires the channel state information (CSI) to be obtained at the receiver and/or transmitter. However, channel estimation (e.g. in [27] ) is not our main concern in this paper, and without loss of generality, we assume that the BS has already obtained the CSI.
A. CATEGORIES OF INTERFERENCE BETWEEN D2D AND CONVENTIONAL CELLULAR LINKS
Since the licensed spectrum resources are allocated and shared by the conventional CUs, inter-CU interference may happen (as denoted by I c = 0) if the spectrum allocation is performed in a non-orthogonal manner. However, the abovementioned interference can be effectively mitigated by allocating the uplink spectrum resources in an orthogonal manner (i.e. I c = 0 can always be satisfied). Unlike the inter-CU interference, a severe interference may be imposed on the CUs/DUs by the geographically close-by D2D pairs, if the licensed uplink spectrum resources are reused by the DUs. By and large, the interference between the D2D and conventional cellular links can be categorized into three types, i.e. overlaying, underlaying and hybrid.
1) Overlaying Type: Dedicated sub-channels are instantaneously allocated to either CUs or DUs, and inter-user interference can be totally mitigated; 2) Underlaying Type: The sub-channels are shared between CUs and DUs, thus resulting in a non-zero inter-user interference; 3) Hybrid Type: In this type, CUs/DUs may operate at a fashion that enables adaptive switches between overlaying and underlaying modes. In the following, a general scenario by considering the impacts of both inter-CU and inter-DU interferences is analyzed, without neglecting the impact of non-zero CU-to-DU interference. All the above-mentioned interferences are depicted in Fig. 1 , in which the CUs can establish their connections to the serving BSs, with the geographically closeby D2D peers allowed to create a D2D link between them. In a nutshell, there primarily exist four kinds of interferences, including the interference imposed on DRs by CUs, the one imposed on DRs by geographically close-by DTs, and that imposed on the serving BSs by either geographically closeby DTs or CUs.
B. SINR ANALYSIS
For a given cell, based on the above-mentioned analysis, the received signals at the BS can be represented as
where P C k and P DT i denote the transmit powers of the k-th CU and the i-th DT, respectively. Furthermore, d C k ,BS and d DT i ,BS represent the distance between the k-th CU and the BS and that between the i-th DT and the BS, respectively. In addition, h C k ,BS and h DT i ,BS denote the channel attenuation coefficients of the k-th CU to the BS and that of the i-th DT to the BS, respectively, with both coefficients following the distribution of CN (0, 1). Meanwhile, α is used to denote the path-loss exponent, and s C k and s DT i are used to represent the transmit signals of the k-th CU and that of the i-th DT, respectively. Without loss of generality, we assume that E |s| 2 = 1 can always be satisfied. Finally, N 0 is used to denote the additive white Gaussian noise (AWGN) imposed on the receiver with distribution of CN (0, σ 2 ).
Similarly, the received signals at the j-DR can be given by
where d C k ,DR j and d DT i ,DR j represent the distance between the k-th CU and the j-th DR and that between the i-th DT and the j-th DR, respectively. Furthermore, h C k ,DR j and h DT i ,DR j are used to denote the channel coefficient of the k-th CU to the j-th DR and that of the i-th DT to the j-th DR, respectively, with both coefficients following the distribution of CN (0, 1). In this section, without loss of generality, we use subscripts 0, k and l to denote the serving BS, the k-th CU and the l-th CU, respectively. Meanwhile, we use subscripts i and j to represent the i-th DT and the j-th DR, respectively. For example, we may use d i,j instead of d DT i ,DR j to denote the distance between the i-th DT and the j-th DR. In order to simplify the notation of the distance between i-th DT and its DR, the subscript of d DT i ,DR i can be omitted (i.e. d TR can be adopted instead). In addition, the average distance d TR is assumed to be time invariant.
Finally, based on the above-mentioned assumptions, either the SINR identified at the BS side (i.e. due to the interference imposed by the k-th CU) or that observed at the j-th DR can be represented as
at the BS; (3a)
at the DR.
III. COVERAGE PROBABILITY ANALYSIS
In this section, the closed-form expressions of the coverage probabilities for both cellular and D2D links will be derived. Without loss of generality, we assume that the objective cell is capable of offering services to all the M CUs and K D2D pairs simultaneously. Furthermore, the density of the co-spectrum CUs and DUs are assumed to be λ c and λ d , respectively.
A. COVERAGE PROBABILITY OF CELLULAR LINKS
Under the above-mentioned assumptions, for given realizations of the PPP 1 and 2 , the SINR (identified at the BS) associated with the k-th CU can be expressed as
For a pre-defined SINR threshold (at the BS) associated with the k-th CU (i.e. β c ), the averaged uplink coverage probability can be derived as
with
where 
where B(P, Q) is a Beta function with B 1
and (s) denotes the Gamma function
The proof of the above-mentioned derivations is given out in Appendix A. Similarly, we can derive L I c (s) for the cellular links as
By substituting (7) and (8) into (6) and relying on the Euler's Reflection Formula (1 − x) (x) = π sin π x , VOLUME 4, 2016 the probability density function (pdf) is derived as 2r/R 2 , provided that the CUs are randomly distributed within the radius-R cell coverage. The cellular links' coverage probability can thus be expressed as
where a = β c σ 2
The above-mentioned expression provides an intuition on the issue of ''to what extent will the noise and interference impact the coverage probability of cellular links?''. From (9) , the impact will be reflected in the following three aspects: 1) the AWGN at the receiver (i.e. a), 2) the CU-to-DU interference (i.e. b), and 3) the inter-CU interference (i.e. c).
Note that a general closed-form expression of the coverage probability is hard to derive, if not impossible. However, some specific alpha value can be taken to simplify the closedform expression. In the following analysis, we adopt the special α value (i.e. α = 4, as adopted in [19] [20] [21] ) by considering the following two general cases.
1) α = 4 WITH NON-ZERO NOISE
Let us consider the general case, in which both the CUs and DTs keep a constant transmit power. In the presence of nonzero noise (i.e. σ 2 = 0), by substituting α = 4 into (9), we have
where
Let us consider the case in which the noise can be ignored. By substituting both σ 2 = 0 and α = 4 into (9), the closedform expression of cellular link's coverage probability (i.e. P C cov ) can be given by
. (11) From (11), the coverage probability 2 of cellular links is mainly impacted by the following four factors, including:
• The number of CUs that share the same spectrum resource in a non-orthogonal manner (i.e.λ c π R 2 );
• The number of activated D2D pairs that reuse the licensed spectrum allocated to CUs (i.e.λ d π R 2 );
• The power ratio between P D and P C (i.e. P i /P k );
• The threshold of CUs (i.e. β c ).
FIGURE 2.
Curves of cellular coverage probability (P C cov ) for the threshold β c (of BS) with variant DUs numbers K and variant CUs numbers M when σ 2 = 0.
Furthermore, with the increase of parameters λ c , λ d and P D /P C , the interference imposed on cellular links increases accordingly, thus leading to a reduction in the coverage probability of the latter.
Unlike the non-orthogonal resource-sharing manner, let us consider the case in which the licensed uplink spectrum resources are shared among CUs in an orthogonal manner (i.e. I c = 0). In other words, DUs instantaneously reuse the same resources with one and only one CU, i.e. M = 1. Meanwhile, we analyze the coverage probability subject to various K values:
• Case I (M = 1 and K > 1): There exists no inter-CU interference, and the coverage probability of cellular links can be represented as
Note that the above-mentioned expression has been widely adopted in several existed models for modelling systems comprising a single CU and several D2D pairs [19] , [20] .
• Case II (M = 1 and K= 1): If there exists only one D2D pair that reuses the same uplink spectrum allocated to a CU, the coverage probability of cellular links can be derived as
where d CB and d TB denote the CU-to-BS and DT-to-BS distances, respectively. The proof of the abovementioned derivation is given out in Appendix B. Note that the expression (13) has also been widely adopted in the existing models for modelling systems comprising only a single CU and one D2D pair [13] , [28] .
B. COVERAGE PROBABILITY OF D2D LINKS
For a given D2D pair, the SINR at the j-th DR can be expressed as
Assuming that the threshold at the j-th DR is preset to be β d , the coverage probability averaged over the plane can be represented as
Similar to (7), the expressions of L I c (s ) and L I d (s ) can be given by
and
respectively, where P j denotes the transmit power of the j-th DT.
Before deriving the closed-form expressions of coverage probabilities, let us first consider the special case in which all DTs communicate with their associated DRs with a fixed distance d TR . Meanwhile, a time-invariant transmit power is assumed in either the DTs (P D ) or the CUs (P C ). Thus, it leads to the closed-form expression for the coverage probability of the typical D2D links as
represents the inter-DU interference, and c = 2π 2 λ c α sin(2π/α)
stands for the CU-to-DU interference.
Similar to the analysis of the cellular links, we also consider the following two special cases for the analysis of D2D links:
In the presence of non-zero noise (i.e. σ 2 = 0), if the transmit power of DT is kept fixed, the closed-form expression for the coverage probability of typical D2D links (P D2D cov ) can be derived by substituting (α = 4) into (19) as
2) α = 4 WITH ZERO NOISE Specifically, if the impact of noise can be neglected and the transmit power of DT can be kept fixed, the coverage probability of D2D links (P D2D cov ) can be simplified by substituting (σ 2 = 0 and α = 4) into (19) as
As revealed in (21), the coverage probability of D2D links is mainly impacted by the following aspects, including:
• The density of CUs that share the same spectrum in a non-orthogonal manner (i.e. λ c );
• The density of activated D2D pairs (i.e. λ d );
• The power ratio between two mutually-interfering users (i.e. P k /P j );
• The target threshold of DUs (i.e. β d );
• The DT-to-DR distance (i.e. d TR ). Furthermore, as shown in Fig. 3 , the derived coverage probability for the uplink CUs matches the Monte Carlo simulation results very well. As the number of CUs or DUs (i.e. M or K ) increases, the coverage probability of D2D links decreases accordingly.
In the following, two especial cases are analyzed:
• Case I (M = 1 and K > 1): Relying on the Laplace transforms of E e
, the coverage probability of D2D links can be derived as
• Case II (M = 1 and K = 1): Similar to (13), the coverage probability of D2D links can be derived as
where d CR denotes the CU-to-DR distance.
IV. SUM DATA RATE OF THE PROPOSED UNDERLAYING NETWORKS
In this section, we derive the ergodic rates for both D2D and cellular links. The data rate increment brought about by implementing D2D mode will be analyzed. After that, the sum data rate of the whole underlaying network, in which all the UEs share the same licensed uplink spectrum, is derived. Furthermore, we figure out the optimization problems by means of both balancing the scale factor for the D2D pairs and constraining the total number of UEs (i.e. comprising both CUs and DUs).
A. ERGODIC DATA RATE OF CELLULAR AND D2D LINKS
From [20, eq. (29) ], the ergodic data rate of cellular links can be represented as
where f SINR (β c ) =
denotes the pdf of SINR, parameter n is defined by n = π 2 R 2 2
and the term ln(1 + β c ) ln 2 −P C cov ∞ 0 is shown to approach 0.
By substituting (11) into (24),R C can be rewritten as [29] :
where si(
Similarly to (24) , the ergodic data rate of a D2D link can be expressed asR
By substituting (21) into (26),R D2D can be rewritten as [29] 
B. DATA RATE INCREMENT BROUGHT ABOUT BY ACTIVATING D2D LINKS
Note that employing the D2D technique may not always bring about a positive performance gain to the underlaying networks due to the impacts of several practical issues, including the inter-user interference and the self-interference imposed on the full-duplex (FD) devices [4] , etc. To describe the performance improvement in terms of the sum data rate brought about by activating D2D links in the underlaying networks, the concept of ''data rate increment" (as represented by R in follows) is introduced. Hence, the data rate increment can be defined as the difference betweenR D2D andR C , i.e.
For a given cellular radius, the data rate increment is mainly impacted by the following four aspects:
• The density of CUs (i.e. λ c );
• The power ratio between the CU and DT (i.e. P C /P D );
• The DT-to-DR distance (i.e. d TR ). The ergodic data rate of CUs and DUs as functions of λ d are depicted in Fig. 4 , in which the black-colored curve denotes the rate increment R . It is shown that the system performance in terms of ergodic data rate is closely related to the distance between a pair of D2D peers (i.e. d TR ) in the underlaying systems that satisfy the constraint of D2D-link creation. However, activating D2D links may not always contribute a positive data rate increment to the underlaying networks. For instance, when d TR =80 m, R will become a negative value, implying that activating D2D links may erode the sum data rate of the whole networks. Otherwise, when d TR decreases to 20 m, R becomes a positive value, corresponding to a positive contribution to the sum data rate. Furthermore, as the DUs' density (i.e. λ d ) increases, both the interference imposed on the CUs by the D2D links and the inter-DU interference increase, thus leading to a substantial decrease in the data rates of both users. In Fig. 5 
C. SUM DATA RATE OF UNDERLAYING NETWORKS
Based on information theory, the sum data rate of D2D links can be expressed as
Similarly, we can define the sum data rate of cellular links as
By combining (29) and (30), the sum data rate of the proposed underlaying networks can be given by
From the above-mentioned analysis, the system capacity can be improved by increasing the number of DUs and/or CUs. However, this makes the interference level increase accordingly. In Fig. 6 , the relationships between the sum data rate R SUM and the density of DUs (λ d ) under variant number of CUs (e.g. M = 1, 3, 10) are depicted. Given the number of CUs, when we evaluate the sum data rate of the underlaying networks, an optimal sum data rate can always be obtained as the density of DUs increases. Otherwise, if we keep the density of DUs fixed, the sum data rate will decrease as the increases of CUs. We may thus conclude that the sum data rate can be improved by employing D2D mode and properly adjusting the density of DUs, provided that each sub-channel is exclusively allocated to one and only one CU.
To deeply analyze the sum data rate, we assume that the total number of co-spectrum users equals N , corresponding to a user density of λ (i.e. N = λπR 2 ). Meanwhile, the scale factor of the D2D user is denoted by η. 3 By substituting (27) and (25) into (31), the sum data rate can be rewritten as
D. OPTIMAL COMMUNICATION MODE SELECTION FOR UNDERLAYING NETWORKS
Note that a severer interference will be imposed on the existing CUs/DUs by increasing the user densities, if perfectly orthogonal spectrum allocation among users is not satisfied. From this point of view, the performance of D2D-aided underlaying networks in terms of sum data rate cannot be unlimitedly improved by infinitely increasing the DUs' density. However, the density of either DUs or CUs may exert a substantial impact on the sum data rate. For a fixed cellular radius and a constant transmit power (i.e. P C and P D ), from (32), the sum data rate of the underlaying CNs will be overwhelmingly determined by the following two factors, i.e. η and λ. To optimize the sum data rate of the underlaying networks, the objective function (i.e. the optimization problem) can be formulated as follows:
where γ c and γ d denote the outage probabilities of cellular and D2D links, respectively. Based on the multi-constraints optimization model given by (33), both λ and η can be upper-bounded as
3 It is used to indicate the proportion of DUs out of the total users, corresponding to the density of D2D pairs λ d = ηλ and that of CUEs λ c = (1 − η)λ. For example, in a system comprising a total of N = λπ R 2 users, the density of D2D pairs (CUs) can be expressed as λ d = ηλ (λ c = (1−η)λ) by defining a scale factor η.
By taking the above-mentioned constraints into consideration, we can further give out the upper bounds for both the density of total users and the scale factor, i.e. λ ≤ [λ 1 , λ 2 ] and 0 ≤ η ≤ [η 1 , η 2 ]. Furthermore, the transmit power of CU is always assumed to be higher than that of DT, implying that the scale factor satisfies 0 ≤ η ≤ 1.
1) THE IMPACT OF λ ON THE SUM DATA RATE
Before analyzing the relationship between the sum data rate and the sum users, let us first take partial derivative 4 to R SUM in terms of λ:
When ∂R SUM ∂λ = 0 is satisfied, a transcendental equation can be obtained. Since addressing (36) relying on accurately calculating the analytic solution is not easy, graphic method is employed instead. The curves are shown to be monotonically decreasing functions, making the optimum user density (i.e. λ opt ) attainable.
By taking the second derivative to R SUM in terms of λ, we have
Since the value ∂ 2 R SUM ∂λ 2 is always negative regardless of what the parameters m and n are, an unique optimum density (i.e. λ opt ) does exist. In other words, the optimum number of total users in terms of sum data rate maximization always exists regardless of what the scale factor is.
2) THE IMPACT OF η ON THE SUM DATA RATE
To analyze the relationship between the sum data rate and the scale factor, let us take partial derivative to R SUM in terms of η:
4 Note that the relationship between f (x) and g(x) has been utilized,
Similar to (36), by utilizing the graphical analysis method, it is easily observed that the expression (38) is always nonnegative. Accordingly, the sum data rate is a monotonically increasing function of scale factor, i.e. the sum data rate always increases as the number of DUs increases, provided that the total number of users (i.e. including both CUs and DUs) is kept fixed.
V. NUMERICAL ANALYSIS
In this section, we assume that the system comprises M = (1 − η)λπR 2 CUs and K = ηλπR 2 D2D pairs. Furthermore, the BS is assumed to be located at the center of the objective cell. The simulation parameters are elaborated on in Table 1 . In Fig. 7 , the relationship between the sum data rate and the occupancy of DUs (i.e. η = λ d π R 2 /N ) is investigated by considering variant number of sum users (i.e. N = 5; 15; 100). Since the sum data rate is jointly determined by CUs and DUs, we may find different relationships between the sum data rate and η. Theoretically speaking, for a given N , the sum data rate can be improved by appropriately adjusting η. However, for a fixed η, the relationship between the sum rate and N will not be a proportional function. Numerical results show that the sum data rate for N = 100 is lower than that for FIGURE 7. Curves of sum data rate (R SUM ) for the scale factor η with variant total numbers of users N. N = 5, if 0.1 < η < 0.88 is satisfied. Evidently, the sum data rate can be improved by properly adjusting the parameter N . For instance, when η = 0.44, the sum data rate with N = 5 will be 1.43 times that of N = 100. Anyway, as shown in Fig. 7 , the sum data rate optimization is a complicated function that cannot be easily improved by solely increasing the number of users. The sum data rate as a function of N is described in Fig. 8 with η = 0.3, 0.6. For a fixed η, there always exists an optimal sum data rate corresponding to the instantaneous number of users, with a higher η implying a better sum data rate. Furthermore, whenR D2D >R C (i.e. R > 0) is satisfied, a positively improved sum data rate will be attainable. Otherwise, if R < 0 is met, activating D2D links will erode rather than improve the sum data rate. The cross-point A corresponds to the optimal number of users, implying that more users can be served under a higher η condition (because the level of D2D-induced interference is much lower than that of CU-induced interference). For instance, when η = 0.6, the optimal number of users is equivalent to 1.3 times that with η = 0.3. Thus, we may conclude that the sum data rate (for FIGURE 9. Sum data rate (R SUM ) as a function of both the total number of users N and the scale factors η. VOLUME 4, 2016 a given number of users) can be optimized by appropriately adjusting η.
To more effectively optimizing the sum data rate, the sum data rate as a function of N and η is analyzed in Fig. 9 . It is shown that there always exists an optimum number of users in terms of sum data rate for a given η. Meanwhile, the greater the proportion of DUs is, the higher the spectrum utilization will be (i.e. more users will reuse the same spectrum). In summary, the sum data rate increases as η increases. For a fixed sum number of communication links (i.e. including both cellular and D2D links), it is shown that the higher η corresponds to a better system performance in terms of sum data rate in the D2D-aided underlaying networks.
VI. CONCLUSIONS
In this paper, we investigated the performance of D2D-aided underlaying networks in terms of both coverage probability and sum data rate, in which the DUs reuse the licensed uplink spectrum resources that have been allocated to the conventional CUs. We derived the closed-form expressions of the coverage probabilities for both cellular and D2D links, followed by analyzing the sum data rate of the underlaying networks. Furthermore, the impact of some critical parameters, including the total number of users (i.e. comprising both CUs and DUs) and the scale factor of DUs, on the performance of underlaying networks was investigated. Numerical results showed that the sum data rate of underlaying networks can be substantially improved by employing D2D mode, and the optimum sum data rate was shown to be attainable by adapting η under the constraint of a total number of users.
APPENDIX A THE LAPLACE TRANSFORM OF RANDOM VARIABLES
can be rewritten as
For Rayleigh fading channels with δ → exp (1) and
Relying on [29, eq. 3.241.4] , the result in (7) can be derived.
APPENDIX B PROOF OF P C cov
For a given β c , the probability that SINR BS is beyond β c can be represented as
